Context. The behaviour of the large-scale dipolar field, during a star's magnetic cycle, can provide valuable insight into the stellar dynamo and associated magnetic field manifestations such as stellar winds. Aims. We investigate the temporal evolution of the dipolar field of the K dwarf 61 Cyg A using spectropolarimetric observations covering nearly one magnetic cycle equivalent to two chromospheric activity cycles. Methods. The large-scale magnetic field geometry is reconstructed using Zeeman Doppler imaging, a tomographic inversion technique. Additionally, the chromospheric activity is also monitored. Results. The observations provide an unprecedented sampling of the large-scale field over a single magnetic cycle of a star other than the Sun. Our results show that 61 Cyg A has a dominant dipolar geometry except at chromospheric activity maximum. The dipole axis migrates from the southern to the northern hemisphere during the magnetic cycle. It is located at higher latitudes at chromospheric activity cycle minimum and at middle latitudes during cycle maximum. The dipole is strongest at activity cycle minimum and much weaker at activity cycle maximum. Conclusions. The behaviour of the large-scale dipolar field during the magnetic cycle resembles the solar magnetic cycle. Our results are further confirmation that 61 Cyg A indeed has a large-scale magnetic geometry that is comparable to the Sun's, despite being a slightly older and cooler K dwarf.
Introduction
In recent years, with the advances made in stellar magnetic field observations, the technique of Zeeman Doppler imaging (ZDI) (Semel 1989; Brown et al. 1991; Donati & Brown 1997; has been able to reveal the diversity in stellar large-scale magnetic field geometry. Both single-epoch studies (Petit et al. in prep.) and long-term monitoring (Fares et al. 2009; Morgenthaler et al. 2012; Jeffers et al. 2014; Boro Saikia et al. 2015; Jeffers et al. 2017; Fares et al. 2017) have revealed that stellar magnetic geometries do not necessarily have the same large-scale structure as the Sun. While older slowly rotating stars exhibit a more sun-like, almost purely poloidal large-scale magnetic field (Petit et al. 2008) , younger rapidly rotating stars can have magnetic geometries that do not bear resemblance to the solar large-scale field (Morgenthaler et al. 2012; Boro Saikia et al. 2015; Rosén et al. 2016; Hackman et al. 2016) . Surprisingly, until now, sunlike magnetic geometry evolution has been an anomaly, not the expected norm 1 . To date, approximately 20 stars have been observed over multi-epochs, the majority of which were observed 1 A solar-type star has a sun-like field evolution when the large-scale magnetic field flips polarity in sync with its activity cycle. Additionally, the large-scale field changes field complexity during the activity cycle in the same way as the Sun does.
by the BCool collaboration 2 . Of these stars only a few exhibit polarity flips (Petit et al. 2009; Morgenthaler et al. 2011; Fares et al. 2009; Mengel et al. 2016; Boro Saikia et al. 2016; Jeffers et al. 2018) , and only 61 Cyg A (Boro Saikia et al. 2016 ) and τ Boo (Jeffers et al. 2018 ) are known to exhibit polarity flips of the large-scale field in phase with the star's chromospheric activity cycle. However, no star has been observed over a full magnetic cycle (or two consecutive activity cycles); one solar magnetic cycle is the time taken by the polarity of the large-scale field to switch to an opposite polarity and flip back to the original sign. This work, for the first time, investigates the evolution of the large-scale field of a sun-like star over its magnetic cycle.
The K dwarf 61 Cyg A was observed for a full activity cycle or half a magnetic cycle in paper I (Boro Saikia et al. 2016) . ZDI reconstructions of this star have revealed a magnetic field geometry that flips its polarity in sync with its chromospheric activity cycle. The field geometry is dominantly poloidal. During activity minimum the poloidal field is strongly dipolar, and at activity maximum quadrupolar and octupolar fields dominate. In the Sun, the dipolar field is known to undergo spatial and temporal evolution during the solar magnetic cycle (Sanderson et al. 2003; DeRosa et al. 2012; Vidotto et al. 2018) . The evolution of the 61 Cyg A large-scale field is similar to the evolution of the solar large-scale field over its activity cycle. However, the star was observed for only one activity cycle in paper I and it could not be established whether such evolution is repeated periodically. If 61 Cyg A has a sun-like dynamo process operating like that of the present-day Sun, then the strength and location of the dipolar field should have a sun-like evolution during the full magnetic cycle. In this work, the large-scale field of 61 Cyg A is monitored, with strong emphasis on the dipole field, for almost a full magnetic cycle by combining new multi-epoch observations (activity cycle II) with epochs from paper I (activity cycle I).
Observations
Simultaneous Stokes V (circularly polarised) and Stokes I (unpolarised) spectra were taken using the high-resolution spectropolarimeter NARVAL at Telescope Bernard Lyot (TBL), Pic du Midi (Aurière 2003) . Six epochs of observations were obtained spanning three years (2015 ( .77, 2015 ( .91, 2016 ( .50, 2017 ( .50, 2017 ( .89, 2018 ( .52). Epochs 2017 ( .50, 2017 ( .89, and 2018 were observed as part of the BCool collaboration. We also use data published in paper I, where six epochs were observed over nine years. Furthermore, epoch 2005.47 was observed as part of POLARBASE ). However, care should be taken when interpreting the 2005.47 results as the rotational phase coverage is sparse.
To detect Zeeman signatures in Stokes V, the multi-line technique least-squares deconvolution (LSD) Kochukhov et al. 2010 ) is applied, which boosts the signal-tonoise ratio. The LSD Stokes V and Stokes I profiles are obtained following the same procedure as applied in paper I.
Methods
Zeeman Doppler imaging is the only technique that can reconstruct the large-scale surface magnetic geometry in sun-like stars. It is a tomographic technique that inverts LSD Stokes V profiles to reconstruct the magnetic maps. The code iteratively fits synthetic Stokes profiles obtained from a stellar model to observed Stokes spectra, until the desired reduced χ 2 is reached (see Donati et al. 2006; Folsom et al. 2016 , and the references therein for more details on the ZDI technique). Since it is an inverse problem, the maximum entropy technique is utilised as a regularisation tool (Skilling & Bryan 1984) .
The stellar parameters (inclination = 70
• , v sin i = 0.92 kms −1 ) used to reconstruct the magnetic maps are taken from paper I. A rotation period of 34.2 days and HJD 2454308.49809 as zero phase are used to calculate the phases (taken from paper I). The maximum spherical harmonic degree l max of 11 is applied to all of our maps. 3 The differential rotation parameter determined in paper I is applied here. To determine differential rotation ZDI requires a dense phase coverage (Morgenthaler et al. 2012 ) and a complex field geometry so that the code can track different magnetic features as the star rotates and determine the surface shear. The field geometry of 61 Cyg A is predominantly dipolar with single polarity in the observed hemisphere. Since there is no change in surface geometry in the visible hemisphere it is extremely hard to converge to the correct differential rotation. We have thus used the differential rotation from activity cycle I (paper I). Using the differential rotation parameters from activity cycle I, a reduced χ 2 of 1.0 is achieved for all epochs except 2016.50, where the reduced χ 2 is 1.2.
Results

Chromospheric activity cycle II
The chromospheric activity (S-index) is determined using the same method as in paper I. Figure 1 shows that 61 Cyg A has a periodic activity cycle of varying amplitude. The current cycle has a lower amplitude compared to cycle I. The length of cycle II also appears to be shorter than activity cycle I. However, cycle II is not over and new observations will provide a better estimate of its length.
Magnetic geometry
ZDI maps of 61 Cyg A in cycle II (this work) are dominantly poloidal. The poloidal field is concentrated at lower order spherical harmonics: dipolar, quadrupolar, and octupolar, as shown in Fig. 2 From activity minimum to maximum: During the first two epochs (2015.77, 2015.91 ) the activity increases and moves towards activity maximum. During this period the radial field exhibits a strong positive polarity dipole in the observed hemisphere, as shown in Fig. A.1. The azimuthal field shows a strong band of negative polarity at equatorial latitudes in 2015.77, which gets weaker in 2015.91. The meridional field shows a positive polarity band also at equatorial latitudes that remains consistent. ( Fig. A.1 ). The azimuthal field gets stronger and the dipolar energy gets weaker at this epoch. A small fraction of the magnetic energy is detected in l max >3. The higher order modes were also detected at activity maximum during activity cycle I.
Near activity maximum
At epoch 2017.50, the radial field is reconstructed with both strong negative and positive regions ( Fig. A. 2), indicating a dipole whose axis is aligned to the equator. The meridional and azimuthal fields are considerably weaker. The field is almost purely poloidal and the dipole energy is at its strongest. At 2017.50 the negative polarity of the dipole gets stronger, suggesting a change in the dominating polarity in the coming epochs.
From activity maximum to minimum During epochs 2017.89 and 2018.52 the radial field switches polarity; with the appearance of a strong negative dipolar field at the visible hemisphere ( Fig. A.2) . The meridional field also exhibits a negative polarity field, but at equatorial latitudes. The azimuthal field appears as a more complex field in 2018.52 (see Appendix A for a more detailed description on the field geometry).
Dipole migration
One key observation from Figs. A.1 and A.2 is the changing inclination of the radial dipolar field. In order to quantify the inclination of the dipole we calculated the location of the dipole axis for all available epochs, starting with 2005.47 up to 2018.52. The axis of the dipole is obtained by finding the maximum of the dipole field (positive pole). Figure 3 shows the location of the dipolar axis, where it moves from one hemisphere to the other and comes back to the original hemisphere during a full magnetic cycle. This evolving nature of the dipolar axis location is a common feature of the solar large-scale field (DeRosa et al. 2012 ). As the exact occurrence of activity maximum is not known, it could be anytime in the one-year period around the second green vertical bar in Fig. 4 .
In Fig. 4 we are missing two data points in the bottom two subplots, 2006 and 2012. Only one spectropolarimetric observation was taken in 2006, first minimum, which is not enough to reconstruct a magnetic map. The spectropolarimetric observations in 2012 had polarisation anomalies (See paper I for more details); as a result, the magnetic map could not be reconstructed. As shown in Fig. 4 , the dipolar axis is located near polar latitudes at activity minimum and at equatorial latitudes at activity maximum. Although we do not have any data points at first minimum and second maximum (Fig. 4 middle) , the overall trend in dipole location shows that there is a strong correlation with activity cycle phase, and both exhibit periodic behaviour. The dipole axis evolution agrees with a magnetic cycle period of ∼ 14 years.
The strength of the dipole, B dipole , is also plotted against time, as shown in the bottom subplot in Fig.4 . The maximum of the dipole field, which occurs at the dipole axis, is taken to be the dipole strength in Fig. 4 . We do not have a magnetic map for the first minimum in cycle I; 2007 and 2005 are the closest to the first minimum in activity cycle I. The dipolar field is at its weakest at the first maximum. During the second minimum the dipole increases in strength. Although the peak of the second maximum is not observed, close to the second activity maximum the dipole field remains relatively strong. No correlation is detected between the dipole field strength and the magnetic cycle. Figure 5 shows the vector field strength of the axisymmetric dipole (l=1, m=0) in both poloidal and toroidal components (similar to Fig. 11 in paper I) . The poloidal axisymmetric dipole is calculated by taking the maximum of the vector B(l = 1, m = 0) at the visible rotational pole. The toroidal axisymmetric dipole is calculated by measuring the maximum signed B(l = 1, m = 0) at the nearest toroidal band to the rotational pole. The poloidal dipole exhibits cyclic variation with a period that correlates to the dipole axis location in Fig. 4 . The sign of the poloidal dipole field changes with the magnetic cycle phase. The toroidal dipole exhibits a weak anti-correlation with the poloidal dipole field. The errors in Figs. 4 (middle and bottom panel) and 5 are determined via the same method used in paper I (see Section 5.1).
Evidence of the dipole flip in LSD Stokes V profiles
The dipole flip of 61 Cyg A is also seen directly in the LSD Stokes V profiles. 
Discussion and conclusions
The observations taken in this work in combination with archival data (paper I + Petit et al. 2014) result in an observational time span of ∼14 years, providing a unique opportunity to monitor the large-scale surface magnetic geometry of 61 Cyg A over its magnetic cycle (two simultaneous activity cycles). The current activity cycle has a smaller amplitude and length than activity cycle I (paper I). This shows that although the cycle is quasiperiodic, it is not uniform in length. Previous observations of the star's cycle have also shown this non-uniformity in amplitude and period length (Baliunas et al. 1995) (also see paper I), although the period length does not vary dramatically for a short amplitude cycle. Further observations of the current cycle are required to determine the true cycle period of cycle II. The solar cycle is also known to vary in length (Hathaway 2010) .
The large-scale field of the star is strongly poloidal throughout cycle II. The poloidal field is constituted of mostly lower order spherical harmonics, of which the dipole is the strongest. The dipole remains consistently dominant throughout the observations except close to activity maximum. We do not have observations at the peak of maximum during cycle II, yet the dipole field gets considerably weaker during epoch 2016.50. At epoch 2016.50 the quadrupolar, octupolar, and higher order components have higher energies compared to other epochs. Similar weakening of the dipole was also detected during activity maximum in cycle I.
Similar to the solar case, the large-scale dipole flips its polarity in sync with the chromospheric activity cycle in a quasiperiodic manner. The dipole field reverts to its original polarity during our combined ∼ 14 years of observation. The dipole axis location has a tight correlation with the star's magnetic cycle. The axisymmetric vector dipole field also evolves together with magnetic cycle indicating a period of ∼ 14 years. Overall our results show that the evolution of the 61 Cyg A large-scale field, specifically the dipole field, is very similar to the solar case indicating common dynamo processes. The solar magnetic cycle, in the large-scale, could be a template for sun-like stars like 61 Cyg A and vice versa. The first two epochs (2015.77, 2015.91) were observed within a short period of four months (see Table C .1) during intermediate chromospheric activity. The radial field (Fig. A.1, top) exhibits a strong positive polarity magnetic region between the equator and higher latitudes, indicating a dipolar geometry. The overall structure of the field does not change during the two epochs. The meridional field also remains consistent during the two epochs with a strong band of positive polarity field at equatorial latitudes. Contrary to the radial and meridional field, the azimuthal field has a band of negative polarity field that changes in size within such a short period of time. Table A .1 shows that the poloidal energy changes by ∼20%. This change in the poloidal energy could be attributed to the strong azimuthal field in 2015.77. Despite a weak poloidal component in 2015.77, the dipole energy is strong. The axisymmetry of the field is also relatively strong during these two epochs (Table A.1). The increase in the strength of the azimuthal field is not reflected in the complexity of the field.
Epochs 2016.50 and 2017.50 were taken close to activity maximum in cycle II. The S-index cycle in Fig. 1 shows that our observations were taken before and after the peak of activity maximum. As the previous cycle (cycle I) had a period length of 7.2 years, activity maximum was not expected during these two epochs. Nonetheless, it is quite clear that activity maximum occurred between 2016.50 and 2017.50. Both of these epochs have similar levels of activity, but the field geometry of 2016.50 epoch is more representative of activity maximum than epoch 2017.50. During 2016.50 the large-scale field appears more complex, as shown in Fig. A.1 . This increase in complexity is also seen in the weakening dipole energy, followed by the increase in strength of higher order spherical harmonics. The strong positive polarity magnetic region from previous epochs gets smaller and a negative polarity region appears at equatorial latitudes. The meridional field also appears to have a more complex geometry with both positive and negative field regions at the poles and near the equator. The azimuthal field has a dominant negative polarity with a small positive polarity region.
The large-scale field geometry changes drastically in epoch 2017.50. The complex field geometry from 2016.50 is taken over by a simple dipolar geometry where the dipolar energy is at 92 %. The radial dipole is aligned to the equator, which is shown by the appearance of both polarities in the visible hemisphere. Weak positive and negative polarities are also detected in the meridional and azimuthal field.
At maximum activity, the solar surface is dominated by small bipolar magnetic regions. When the solar field geometry is decomposed into its lower spherical harmonic modes, at maximum, it also appears to have strong opposite polarity magnetic regions at the equator (Vidotto 2016; Vidotto et al. 2018) . The radial field geometry during 2016.50 and 2017.50 shows strong similarities with the solar large-scale field at activity maximum.
The appearance of both positive and negative fields around equatorial latitudes indicates that the star's activity is changing drastically. The visible hemisphere will soon switch polarity from positive to negative. Unsurprisingly, we observe a strong negative polarity dipole in epoch 2017.89. This transition of the large-scale dipole field is also seen in the Sun (DeRosa et al. 2012; Finley et al. 2018) . Recent analyses by Vidotto et al. (2018) indicate that the solar large-scale field, filtered for the large-scale components, shows a similar trend to that presented in Figs. A.1 and A.2.
During epochs 2017.89 and 2018.52 the activity decreases even further, as shown in Fig. 1 . The change in polarity appears before the actual activity minimum. This is not surprising as in paper I the polarity switch also occurred before the peak of activity minimum. Furthermore, the negative polarity magnetic field around the equator in the meridional component gets stronger with time. The azimuthal component increases in complexity during 2018.52. This might indicate that it could change polarity during the following epochs.
Our combined observations have shown that the star's largescale (radial and meridional) field changes polarity in phase with the chromospheric activity cycle. The close agreement between the radial and meridional field could also be attributed to crosstalk (Donati & Brown 1997; Jeffers et al. 2017) . It takes almost twice the length of the activity cycle (one magnetic cycle) for the radial and meridional field to switch back to its original polarity. Based on our observations, the azimuthal field switches polarity once during the magnetic cycle. Additionally, the largescale field is strongly poloidal and the poloidal energy is concentrated mostly in lower order harmonics, as shown in Fig. A.3 . The l max > 3 modes dominate at or near the two activity maxima. The poloidal field also loses its axisymmetry close to activity maxima. The large-scale field evolution strongly indicates that the magnetic cycle is twice the length of the activity cycle.
Appendix B: Dipole flip as seen in Stokes V profiles
The LSD Stokes V spectra and fits associated with the ZDI maps from Figs. A.1 and A.2 are shown in Fig. B. 1. It provides a ZDI independent look at the field complexity evolution during activity cycle II. The amplitude of the profile indicates the magnetic field strength and the field polarity is determined by the sign of the profile. As shown in Fig. B .1, during the first two epochs in cycle II the stronger profiles all have the same sign. Thus, it is quite clear that a single polarity dominates the visible hemisphere during these epochs. Although all Stokes V profiles per epoch were not observed at the same rotational phases, the dominant Stokes V profiles observed at similar phases all have the same sign, suggesting a dominant polarity at the visible hemisphere. As shown by the ZDI maps in Fig. A.1 , the dominant polarity is positive.
Close to cycle maximum (epochs 2016.50, 2017.50 ) the Stokes V signals exhibit mixed signs, which indicate that both positive and negative polarities are present and which one dominates (i.e. is the most visible) depends on rotation phase. The amplitudes of these oppositely aligned Stokes V signals are comparably strong. The profiles with the same sign are located close to each other in phase. In 2016.50, however, the profiles with a positive sign (facing right) have a better phase coverage and dominate over the Table A .1: Magnetic energy in the different magnetic field components. The fractional dates are shown in Col. 1, followed by the mean magnetic field (in gauss) in Col. 2. Column 3 is the poloidal energy, Col. 4 is the poloidal dipolar energy, Col. 5 is the poloidal quadrupolar energy, Col. 6 is the poloidal octupolar energy, Col. 7 is the axisymmetry of the total field. The error bars are obtained using the same method as in paper I (Section 5.1). Finally, Col. 8 is the mean S-index and the standard deviation as error bars. negative profiles. This is represented in the reconstructed map as a stronger positive polarity and a small negative polarity in the radial field in epoch 2016.50. During 2017.50 both positive and negative profiles have similar amplitude and phase coverage. This indicates that one half of the stellar surface is dominated by one polarity and the other half of the surface is dominated by another polarity. This is also seen in the ZDI map ( Fig. A.2 ).
Finally, during the last two epochs (2017.89,2018.52 ) the Stokes V line profiles all have the same sign, indicating a single polarity field. Additionally, the profiles are facing the opposite sign as the first two epochs. Thus, clearly the dominant magnetic field in the visible portions of the star has reversed sign. These two epochs have profiles that were taken during similar rotational phases and all of these profiles face the same sign. Some of the profiles in 2015.91 and 2018.52 have similar rotational phases, and as expected their signs are opposite. This strongly agrees with the ZDI maps in Fig. A.2 . The LSD Stokes V profiles show clear agreement with the ZDI reconstructed maps providing additional confidence to the ZDI technique. 77, 2015 .91, and 2016 .50. Bottom: Epochs 2017 .50, 2017 .89, and 2018 (from le f t to right). The observed profile is shown in colour and the fit is shown as dotted lines. The Stokes V profiles are shifted according to their phase, where the phase increases from 0 to 1. The colour bar also changes with phase. The colour bar and scale of each subplot is kept the same.
